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In-situ Studies
 of Catalyst Surfaces
What we need to add
to the surface science approach
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The function of a catalyst:










system is close to equilibrium
theory finds minimal energy configurations
Adsorbate structures dynamical (chemical waves)
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Haber Bosch process





Enormous sucess in understanding
 
of individual 
elementary steps (surface science).
•
 
Is enabled by excluding complexity (model systems).
•
 
Assembly of elementary steps to working cataysts in 






Reduction of complexity (Langmuir instead of Taylor 
models) was too drastic.
•
 
Meet the experimental challenge of controlling 
complexity at the level needed to perform a kinetically 
demanding reaction.
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from: Tanuma at al., 
SIA 17, 911 (1991)
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Concept of HP XPS
Pressure depends on 
distance from aperture.












Ways to increase pmax
1. Decrease R 
(tight focusing of X-ray => 
could be a problem with 
beam damage). 
Theoretically pmax ~100 mbar 
is possible.
3. Improve Svac /N 
(better electron collection)
2. Increase Svac 
increase photon flux: 
inevitably beam modification 
and sample damage will 
occur (already in the present 
systems)
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Experimental cell




X-rays enter the cell at 
55°
 


































































































































































Inelastic mean free path ()
Cu: methanol oxidation
Cu metallic under all conditions
(Fermi edge, Cu LIII NEXAFS)
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Catalysis and coverage: Cu/O system
In situ monitoring 
of surface species 
during methanol 
oxidation to FA
Power of speciation 
of XPS (from C1s 
and O1s data)
S. Günther, R. Imbihl
Under reactive 
conditions no 
hydrocarbon or active 
oxygen at the surface 
in detectable 
quantities but O-
 modified Cu (111) 
surface: no “oxide”














CO2 +H2 O CH3 OH
Department of Inorganic Chemistry
www: fhi-berlin.mpg.de12
Methanol synthesis
35 Mtons/a for chemicals plus minimum same amount for synfuel
Catalyst improvement without change in composition nor 
improvement in “dispersion”: what is the active phase?

























1000 truckloads per day
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Technical Cu/ZnO catalyst
Irregular framework of 













sites likely to exist
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MSR: in situ observation
Despite the presence of water in the feed, any stationary 
coverage of its chemisorbed state is detrimental for the activity
Nucleophilic oxygen is quite consitent with the BE 
of the surface -
 
located high energy shoulder


























Sub-surface oxygen is not reactive but
–
 
Polarizes the surface for adsorption
–
 
Restructures the surface by incorporation (autocatalytic)
–
 
Segregates to the surface as O nucleo
–
 






Oxidizes functional substrates (CO, olefines)
–
 






Activates C-H bonds into functional substrates
–
 
Creates basicity and binds water (OH)
–
 
Protonates via OH oxygenates
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excess oxygen needed for 
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Precision in function: Multiple oxygen
nucleophilic
electrophilic
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Structure-function correlation
 in Ag: PO formation





Total oxygen content “0.2 ML”
Auto-formation of 
selective electrophilic 
oxygen by gradual 
intercalation of sub-
 surface oxygen in Ag
CO2
PO
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Active sites in a high performance catalyst
•
 






These sites adapt their structure in several 
scales of time and space to the dynamical 
environment of the catalytic reactor.
•
 








provides the free energy 
stabilization for cyclic operation. 









Technical energy conversion needs:
–
 
electrocatalysis (storage of primary elecricity, fuel cells)
–
 








The enormous dimension (all chemical industry is equivalent to 5% of 
the energy consumption) requests super-effective processes and 




Fundamental science has to provide design principles for such 
catalysts.
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Functional analysis of catalysts requires experiments 
enabling the full dynamic operation of the material
Thank You
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Energy scenario: multiple opportunities 
for catalysis science




catalysts of yet 
unknown 
performance









The large-scale storage of electrical energy can occur 
through hydrogen or derived chemicals.
•
 
The generation of electricity from hydrogen is much 
better studied than the reversal.
•
 




Enormous challenge for functional analysis (exp and 
theory); fluid-solid interface, potential gradient.
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MoBi MoVWV (?) 
It is postulated that the 
specific arrangement of 
polyhedra as determined by 
crystallography (?) at the 
basal plane of the structure is 
essential for function.
It is argued likewise that a 
mixture of two phases should 
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Red-Ox chemistry of Cu oxides
Department of Inorganic Chemistry
www: fhi-berlin.mpg.de32
Microstructure
9 M1 surface differs structurally from the M1 bulk 
~ 0.7 nm
Zone axis = 〈001〉
[001] planes




C3 : O2 : N2 : steam (Vol-%)
= 3 : 6 : 51 : 40
T = 673 K 




































































































































































XPS at 0.3 mbar
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History of high-pressure XPS
E. Kleimenov, Dept. AC, Fritz-Haber-Institut (MPG)
year samples pressure lenses  in diff. pump.
K. Siegbahn et al. 1969 gas 1 mbar no1973 liquid 1 mbar no
R. Joyner et al. 1979 solid 1 mbar no
H. Ruppender et al. 1988 solid 1 mbar no
M. Salmeron et al. 2000 solid 5 mbar yes
M.A. Kelly et al. 2001 solid (films) 0.02 mbar yes
Our (in collaboration with 
group of M. Salmeron) 2002 solid 5 mbar yes
Gammadata Scienta 2004 solid pan /pcell <10
-6 
(~0.1 mbar) yes
Differential pumping- the 
key feature of HPXPS
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Stable activity at ~ 75 °C (arbitrary units)  
[maximum activity observed]  Products 
5% Pd/CNT 3% Pd/Al2O3 Pd foil Pd(111) 
Pentene 210 [240] 150 [170] 58 [75] 18 [22] 
Pentane 20 [42] 15 [28]  ~ 0.5 [1]  0 
 










metastable surface and sub-surface
driven by chemical potential of gas phase (reactants plus products)
collapses upon isolation from gas phase: HP-XPS





























in reactorssolid state 
dynamics
surface 
restructuring Did we really capture all 
concepts in this 
scenario?





HP-XPS discovers dynamical regime
 
of gas-solid 
interactions: sub-surface and bulk reactions plus 




This regime is driven and stabilized by the chemical 
potential in gas phase: no quench experiments
•
 
Below critical pressure (mbar for metals, higher for 
oxides) static situation of stable surface
 
and sorption 
kinetics describe gas-solid interactions
•
 
Present understanding of catalysts based on adsorption 
below critical pressures is valid as boundary situation
 
for 
non-demading processes working without mechanistic 
changes at all pressures
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In-situ XPS: Pd 3d (720 eV):
 
sub-surface C
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In-situ XPS: Pd 3d depth profiling
unambiguous 
localisation of carbon-
 induced component in 
the surface-near region
Hydride excluded
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Hydride and selectivity
Pd 3d after oxide 
decomposition „clean“




Hydrogen in Pd is essential for deep hydrogenation 
but it is detrimental for selective hydrogenation
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The Model
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Pressure gap: experimental
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Gold: Structure sensitivity
D.A. King et al, 2007
Ying Chen et al. 2007
Site isolation?







Adsorption (blue) and 
readsorption (red)
at 300 K In situ reaction at 300 K
batch for 100 min
Reductive
deactivation





SLM Schröder et al.
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5% Pd/CNT after reaction
0.2025 nm   +4.2%   0.1944 nm    2 0 0
0.2027 nm   +4.3%   0.1944 nm    0 2 0
0.1421 nm   +3.4%   0.1374 nm    2 2 0
0.1434 nm   +4.4%   0.1374 nm   -2 2 0
Real structure of a nanoscopic
 
surface





Well-ordered extended (model) materials slow down 
activation and stay often non-reactive (gaps);
•
 




Where they also reach only moderate performance.
•
 








In-situ methods (for functional analysis and optimization)
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Dynamics of heterogeneous catalysts
•
 
Catalysts modify the rates of chemical reactions by
–
 





















for residual activity (material gap)
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Definitions
In chemistry and biology, catalysis is the acceleration 
(increase in rate) of a chemical reaction
 
by means of a 
substance, called a catalyst, that is itself not consumed by the
 overall reaction. The word is derived from the Greek noun 
κατάλυσις, related to the verb καταλύειν, meaning to annul or 
to untie or to pick up.
Wikipedia 2006
Catalysis science works on finding and exploiting high 
performance
 
materials and on understanding the basic 
concepts of the control of chemical reactions using model 
approaches and high definition
 
materials
The combination into a design approach does not (yet) work
